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The effect of hyperglycemia upon susceptibility to 
bacterial infection in diabetes mellitus is incom- 
pletely elucidated. The present experiments as- 
sessed the effect of hyperglycemia upon neutrophil- 
mediated phagocytosis of type III group B 
Streptococcus (GBS). Type III GBS was chosen for 
study because the incidence of invasive GBS dis- 
ease is substantially increased in type 2 diabetic 
compared with nondiabetic subjects. The hypothe- 
sis tested was that severe hyperglycemia would al- 
ter neutrophil metabolism by diverting NADPH 
•om superoxide production into the aldose reduc- 
ise-dependent polyol pathway that converts glu- 
cose into sorbitol and thus would impair opsono- 
phagocytosis (OP) of type III GBS. Neutrophils from 
10 adults with type 2 diabetes had no intrinsic 
phagocytic defect under baseline glycemic condi- 
tions. After equilibration in 60 or 120 mM glucose or 
in 60 mM choline chloride, OP activity was reduced 
significantly (P < 0.03). Neutrophil superoxide pro- 
duction correlated with glucose concentration and 
also was significantly reduced during hyperglyce- 
mia (P < 0.05). Addition of III GBS capsular polysac- 
charide-specific IgG in a sufficient concentration 
supported efficient OP, even during hyperglycemia. 
Alrestatin, an aldose reductase inhibitor, increased 
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superoxide production and significantly improved 
OP of type III GBS (P = 0.03). Thus, diversion of 
NADPH into the polyol pathway is one mechanism 
by which OP of GBS III is impaired during hyper- 
glycemia, and this effect is mitigated when levels of 
capsular polysaccharide-specific IgG are sufficient. 
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Group B streptococcal (GBS) infections cause sub- 
stantial morbidity and mortality among adults. The 
manifestations of infection include necrotizing fasci- 
itis and toxic shock-like syndrome, soft tissue infec- 
tion, osteomyelitis, meningitis, pneumonia, peritoni- 
tis, and endocarditis (1-8). Underlying medical 
conditions in adults who develop GBS disease in- 
clude diabetes mellitus, cirrhosis and other chronic 
liver diseases, malignancy, and immunosuppression 
(9-11). In a population-based study in metropolitan 
Atlanta, adults with diabetes had a 10.5-fold higher 
risk (CI 7.8 to 14.4) than the general population for 
invasive GBS disease (12). Assessments of vaginal 
GBS colonization rates among women with diabetes 
mellitus have yielded inconsistent results (13-15), 
suggesting that increased mucosal carriage with the 
organism is not an explanation for enhanced suscep- 
tibility. Some investigators have suggested that al- 
tered polymorphonuclear leukocyte (PMNL) phago- 
cytosis and killing is a major factor enhancing the 
invasive potential of GBS in these patients as has 
been shown for infection with Candida albicans (16) 
and Escherichia coli (17). Others, referencing stud- 
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ies showing that critical PMNL functions are dis- 
rupted only with severe hyperglycemia, suggest that 
PMNL dysfunction is only of minimal concern, and 
that other factors contribute more substantially to 
increased susceptibility (18). 

The present study tested the hypothesis that met- 
abolic compensatory mechanisms for maintaining 
cell size and volume during extreme hyperglycemia 
would impair phagocytosis and killing of type III 
GBS. If a functional impairment was demonstrated, 
we reasoned that the mechanism would be that 
NADPH was diverted from superoxide (O2 ) produc- 
tion into the aldose reductase-dependent polyol 
pathway that converts glucose into sorbitol, result- 
ing in an overall reduction in GBS-stimulated 
production by these stressed cells. To test this hy- 
pothesis, we examined the extent to which hypergly- 
cemia affected PMNL-mediated killing of type III 
GBS, and the effect of GBS III capsular polysaccha- 
ride-specific IgG (GBS III CPS-specific IgG) upon 
these PMNL functions during hyperglycemia. The 
opsonophagocytosis (OP) of GBS III by PMNL from 
diabetic and nondiabetic subjects was examined at 
the physiologic limit and under pharmacologic con- 
ditions of hyperglycemia with the goal that, if OP 
were reduced substantially under these conditions, 
experiments to further quantify the effect at lower 
more moderate levels of hyperglycemia would be 
conducted. 

The present experiments documented the exis- 
tence of a hyperglycemia-induced attenuation of O2 
production that resulted in inefficient PMNL-medi- 
ated phagocytosis and killing of type III GBS. Inhi- 
bition of aldose reductase, an enzyme that competes 
for NADPH, effected significant reversal of this im- 
pairment in PMNL metabolism. This defect had lit- 
tle impact upon efficiency of GBS killing when 
PMNL were provided exogenously with a sufficient 
concentration of GBS III CPS-specific IgG. Thus, 
attention to glucose homeostasis and development of 
GBS vaccines theoretically could lower the risk of 
invasive GBS disease in diabetes. 

MATERIALS AND METHODS 

Subjects. A preenrollment medical history was 
obtained for each diabetic subject who volunteered 
for this study. Informed consent was obtained from 
patients and human experiment guidelines of the 
U.S. Department of Health & Human Services and 
those of the Baylor College of Medicine Institutional 
Review Board for Human Research were followed in 



the conduct of this clinical research. Each subject 
had been given the diagnosis of type 2 diabetes 
mellitus by his or her physician. Nondiabetic sub- 
jects were healthy laboratory volunteers. All sub- 
jects were free of known infection at the time of 
evaluation of PMNL function. 

Determination of blood glucose. At phlebotomy, 
glucose concentrations were performed with an Ex- 
actech RSG Glucometer (Medisense, Bedford, MA). 

PMNL isolation. Leukocyte-rich plasma was col- 
lected from anticoagulated whole blood after sedi- 
mentation. Following centrifugation at 300g, the cel- 
lular fraction was resuspended with minimal 
essential media (MEM) with Earle's salts and 5.5 
mM glucose (GIBCO BRL, Life Technologies, Rock- 
ville, MD). PMNL were purified by centrifugation 
through 5 ml of Ficoll-Hypaque (Ficoll, Sigma 
Chemical Co., St. Louis, MO; Hypaque, Nycomed, 
Princeton, NJ) at 70Qg for 20 min and rinsed in 
MEM. The remaining erythrocytes were removed by 
hypotonic lysis. PMNL were resuspended in MEM 
and brought to a concentration of 10 7 PMNL/ml. 
Purity was greater than 98% PMNL at the end of 
isolation. The viability of PMNL, determined by 
Trypan blue staining at the conclusion of the exper- 
iments, exceeded 92%. 

Equilibration. PMNL (1.5 X 10 6 ) were equili- 
brated for 90 min at 4°C in 220 /xl of MEM with the 
addition of D-glucose to mimic the glucose concentra- 
tion at phlebotomy or at glucose concentrations of 
5.5, 60, or 120 mM. The 60 mM (1080 mg/dl) glucose 
concentration was chosen to correspond with the 
upper range of the physiologic limit reported to oc- 
cur during diabetic ketoacidosis (19). The 120 mM 
glucose concentration was chosen to provide a phar- 
macologic condition for the purpose of accentuating 
any subtle defect in neutrophil metabolism that 
might contribute to dysfunction at more modest lev- 
els of hyperglycemia. Some PMNL were also equili- 
brated in MEM with 60 mM choline chloride (Cal- 
biochem, La Jolla, CA). Choline chloride, which has 
been used experimentally to reduce intracranial 
pressure in lieu of mannitol, is an efficient, organic, 
GBS-nonnutritive osmolyte resulting in at least 2 
osmol of osmotic stress for every 1 osmol generated 
by glucose (20). This osmolyte was chosen for com- 
parative purposes since it does not promote GBS III 
growth in vitro. By contrast, improved growth and 
capsule formation of GBS occur when the growth 
media is supplemented with glucose. 
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Opsonophagocytic assay. PMNL from diabetic 
and healthy adults were tested in parallel using an 
assay described previously {21), with the following 
modifications. After equilibration of PMNL, 60 fil of 
serum and 20 ^1 of early log-phase type III GBS, 
strain COH1 (2-3 x 10 6 CFU), were added to the 
reaction mixture. Each assay included control sera 
containing a high and a low concentration of GBS III 
CPS-specific IgG and a PMNL-free control. Aliquots 
of the PMNL and GBS-containing reaction mixture 
were removed at 0 min and after 60 min of incuba- 
tion at 37°C. The PMNL were lysed in sterile water 
and dilutions of the aliquots in saline were plated to 
determine the CFU. For some experiments, addi- 
tional time intervals were included. OP activity, re- 
flecting PMNL-mediated phagocytosis and killing, 
was expressed as the log 10 ± standard error of the 
mean (SEM) reduction in CFU, calculated as log 10 
([CFU at 0 minMCFU at 60 min]) ± SEM. 

Antibody determinations. Serum from diabetic 
or nondiabetic subjects was processed to preserve 
endogenous complement activity. The concentration 
of GBS III CPS-specific IgG was determined by 
ELISA, as previously described (22,23). 

Determination of glycosylated hemoglobin. The 
percentage of total glycosylated hemoglobin was de- 
termined by high-performance liquid chromatogra- 
phy using the Primus CLC33 (Kansas City, MO). 
The percentage of hemoglobin A 1C (HbA lc ) was cal- 
culated from that value. 

Measurement of superoxide production. The 
measurement of 0 2 " was modified from a previously 
described method (24). Sixty microliters of human 
serum with a concentration of GBS III CPS-specific 
IgG of 0.1 jig/ml was added to 200 /ud of equilibrated 
PMNL from diabetic subjects (1.5 x 10 € ). 0 2 ~ produc- 
tion was measured by a modification of the lucige- 
nin-enhanced chemiluminescence method (25). Five 
minutes after addition of 20 /llI of lucigenin, 1.25 X 
10 5 M (F.W. 510.5 g/mol, Sigma Chemical Co.), 20 /xl 
of log-phase GBS III, strain COH1 (2-3 x 10 6 CFU), 
was injected. GBS-stimulated chemiluminescence, 
measured in relative light units (RLU) and corrected 
for autochemiluminescence, was recorded at 5-min 
intervals using a TD-20/20 Luminometer (Turner 
Designs, Sunnyvale, CA). Settings included a delay 
time of 0 s and an integrate time of 10 s, with a 
single replicate. 

Aldose reductase inhibitors. The aldose reduc- 
tase inhibitors, statil (MW 391.2 g/mol), alrestatin 



(MW 255.22 g/mol), and 4-naphthalimidobutyric 
acid (MW 283.27 g/mol), were obtained from Tocris 
Cookson Inc. (Ballwin, MO). The dry compounds 
were suspended in 100% DMSO then diluted 100- 
fold in MEM. The solutions were added to the glu- 
cose-adjusted cell media prior to addition of diabetic 
PMNL. The aldose reductase inhibitors were evalu- 
ated at 11 or 22 jxM concentrations for the period of 
osmotic equilibration, while DMSO composed 0.1% 
of the reaction mixture, Selection of these concen- 
trations was based upon a report indicating that a 
daily dose of 300 mg of statil, given orally, results in 
an average plasma level of 11 /uM (26). 

Statistical analysis. The effect of GBS III CPS- 
specific IgG and glucose concentration on OP activ- 
ity was tested in a randomized block (subject) design 
with a two-way treatment structure. Replicated 
measures within subjects for each antibody-glucose 
combination were averaged prior to statistical anal- 
ysis. Analysis of variance for repeated measures 
(ANOVA-RM), as provided by the SPSS Inc. general 
linear model analysis, was used to simultaneously 
test the effects of antibody, glucose, diabetic status, 
and interactions among these factors. The results 
represent the means ± SEM of three to five experi- 
ments, unless otherwise stated. Levels of signifi- 
cance for comparisons between samples were deter- 
mined using Student's paired t test (two-tailed). P 
values < 0.05 were considered significant. One-way 
analysis of variance, followed by Dunnett's multiple 
comparison test, as provided by the Graphpad Prism 
statistical program, was used to determine the effect 
of hyperglycemic stress on superoxide production. 

RESULTS 

Subjects. The 10 diabetic subjects ranged in age 
from 32 to 65 (mean 48) years and had the diagnosis 
of type 2 diabetes for a mean of 5 years (range 2-10). 
Except for one subject controlled by diet alone, all 
were taking one or more oral hypoglycemic agents. 
One subject required insulin injections in addition to 
oral hypoglycemic agents. Nondiabetic subjects were 
healthy adults ranging in age from 28 to 37 years. 
The mean phlebotomy glucose concentrations for di- 
abetics averaged 13 mM (range 7.6-18.3) or 235 
mg/dl (range 137-330), while that for nondiabetic 
subjects was 4.5 mM (range 2.3-5.4) or 81 mg/dl 
(range 42-98). 

OP activity of unstressed PMNL. We first' sought 
to assess the intrinsic phagocytic and killing capac- 
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TABLE 1 

Opsonophagocytic (OP) Activity of PMNL from Diabetic and Nondiabetic Subjects 



Source of PMNL 


Number of 
subjects 


Mean (range) 

glucose 
concentration 
(mM) 


Log 10 (±SEM) OP activity at GBS III capsular 
polysaccharide (CPS)-specific concentration shown 

13 /xg/ml* 0.1 ^tg/ml* 0.05 /ig/ml* 


Nondiabetic subjects 
Diabetic subjects 


7 

10 


4.5 (2.3-5.4) 
13 (7.&-18.3) 


2.05 (0.09) 1.56 (0.13) f 0.62 (0.12) 8 
2.01 (0.08) 1,43 (0.09) f 0.65 (0.1) 5 



* P = NS for OP activity mediated by PMNL from nondiabetic versus diabetic subjects. 

* P < 0.01 comparing OP activity at 13 /ig/ml vs 0.1 /Lg/ml of GBS III CPS-specific IgG. 

5 P < 0.001 comparing OP activity at 13 /xg/ml vs 0.05 fig/ml of GBS III CPS-specific IgG. 



ity of PMNL from diabetic subjects for type III GBS. 
As shown in Table 1, the mean OP activity was 
similar for PMNL from the 10 diabetic and 7 nondi- 
abetic subjects when tested in the presence of nor- 
mal exogenous serum containing each of three con- 
centrations of GBS III CPS-specific IgG, 13, 0.1, and 
0.05 /xg/ml. These antibody levels were chosen based 
on previous observations demonstrating consistent 
efficient in vitro functional activity (^1 log 10 reduc- 
tion in CFU) for sera with GBS III CPS-specific IgG 
exceeding 0.5-1.0 jug/ml and variable but often 
lower functional activity (<1 log 10 reduction in CFU) 
for sera with <0.5 /Ltg/ml of III CPS-specific IgG (21). 
The sera with 0.1 and 0.05 ng/ml were chosen as 
representative of low antibody-containing sera with 
efficient and inefficient function, respectively. OP 
activity by PMNL from diabetic and nondiabetic 
subjects was significantly greater when tested with 
serum containing 13 /xg/ml of GBS III CPS-specific 
IgG added to the reaction mixture than with either 
of the two lower antibody concentrations. The find- 
ing that there was no significant difference in OP by 
PMNL from diabetic or nondiabetic subjects at any 
concentration of CPS-specific IgG tested excluded an 
intrinsic defect of diabetic PMNL-directed OP 
against GBS III. 

OP activity of PMNL during hyperglycemia. The 
next set of experiments was designed to determine 
the effects of hyperosmolarity per se and hypergly- 
cemia, in particular, upon PMNL-mediated phago- 
cytosis and killing of type III GBS in diabetes. OP 
activity for PMNL from the 10 diabetic subjects 
against GBS III using endogenous sera decreased 
with increasing glucose concentration or when cho- 
line chloride was employed (Fig. 1). OP activity at 
the phlebotomy glucose concentration (1.41 ± t).27 
logio CFU) was significantly greater than that for 
PMNL equilibrated for 90 min in B0 mM glucose 



(1.14 ± 0.22), 120 mM glucose (0.92 ± 0.19), or 60 
mM choline chloride <0:69 ± 0.16 log 10 CFU) (P = 
0.025, 0.002, and 0.002, respectively). When PMNL 
from diabetic subjects were equilibrated in 5.5 mM 
glucose, the OP activity (1.51 ± 0.27 log 10 CFU) did 
not differ significantly from that at the phlebotomy 
glucose concentration. These results suggested that 
changes in osmolality mediate the observed effect 
seen with hyperglycemia. 

Influence of GBS III CPS-specific IgG on OP. The 
concentration of GBS III CPS-specific IgG in serum 
correlates significantly with functionality in vitro 
measured by OP (22). Thus, we sought to determine 
whether a high concentration of GBS III CPS-spe- 
cific IgG negated the observed effects of hyperosmo- 




Glucose Glucose Glucose Choline Glucose 

Chloride 

13mM 60 mM 120 mM 60 mM 5.5 mM 



FIG. 1. Effect of osmotic stress on OP activity for type III 
GBS, strain COH1, by PMNL from 10 diabetic subjects. OP ac- 
tivity at the phlebotomy glucose concentration (mean 13 mM; 
range 7.6-18.3) is shown in the stippled bar. The median endog- 
enous serum GBS III CPS-specific IgG concentration was 1.6 
jig/ml (range 0.2-37.1 for these 10 sera). *P = 0.025 compared 
with 13 mM glucose; **P = 0.002 compared with 13 mM glucose. 
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FIG. 2. Influence of GBS III CPS-specific IgG concentration 
(jig/ml) on OP activity of nondiabetic (A) and diabetic (B) subject 
PMNL against type III GBS. OP activity was determined for both 
osmotically stressed and unstressed PMNL at each of three se- 
rum concentrations of exogenous GBS III CPS-specific IgG (13, 
0.1 or 0.05 pg/ml). Unstressed PMNL (solid black bars) were 
equilibrated with the baseline glucose concentration (5.5 mM for 
nondiabetic subject PMNL) or to the phlebotomy concentration 
(range 7.6-18.3 mM) for diabetic subject PMNL. Stressed PMNL 
(shaded bars) were equilibrated with 60 mM glucose. *P ^ 0.05, 
60 mM glucose vs baseline; **P s 0.005, 60 mM glucose vs 
baseline. 

larity. PMNL were tested using the same 90-min 
glucose equilibration model above, with or without 
equilibration in 60 mM glucose, and with the sera 
containing 13, 0.1, or 0.05 /xg/ml of GBS III CPS- 
specific IgG. The phagocytosis and killing portion of 
these experiments also was conducted at a 60 mM 
glucose concentration. A high concentration of GBS 
III CPS-specific IgG failed to protect against a hy- 
perglycemia-induced reduction in OP activity (Fig. 
The OP activity for PMNL from nondiabetic sub- 



jects declined from 2.05 ± 0.09 to 1.83 ± 0.05 log 10 
CFU (P = 0.05) using 13 jug/ml antibody serum, 
though efficient (>1 log 10 ) reduction in GBS colonies 
was still achieved. For PMNL from diabetic subjects, 
OP activity also decreased from 2.01 ± 0.08 to 
1.90 ± 0.10 log 10 CFU using 13 |LLg/ml antibody se- 
rum (P = NS), and was significantly diminished 
when tested with serum containing 0.1 or 0.05 jiig/ml 
of GBS III CPS-specific IgG (P = 0.005 and O.004, 
respectively). 

Use of serum deficient in GBS III CPS-specific IgG 
(0.05 /xg/ml) resulted in the greatest impairment of 
OP activity for both diabetic and nondiabetic PMNL. 
When simultaneously testing the effects of diabetic 
status, GBS III CPS-specific IgG concentration, hy- 
perglycemic stress, and interactions among these 
factors by ANOVA-RM, no statistically significant 
two or three-factor interactions were detected. This 
indicated that the effect of GBS III CPS-specific IgG 
concentration (P < 0.001) and the effect of hyper- 
glycemia (P < 0.001) were independent of each 
other and of diabetic status. Thus, there was no 
specific impairment intrinsic to PMNL from diabetic 
subjects. Rather, the effect of increasing glucose oc- 
curred with PMNL regardless of subject origin and 
was not abolished by a high concentration of GBS III 
CPS-specific IgG. However, the efficiency of OP ac- 
tivity outweighed the magnitude of the reduction in 
OP activity induced by hyperglycemic stress (Fig. 2). 

Effect of percentage hemoglobin A 1C on OP, We 
had hypothesized, based upon the observations of 
MacRury et al. (27), that in vitro functional activity 
for GBS III by diabetic sera would be related in- 
versely to the percentage of HbAi c in sera. Poor 
long-term diabetes glucose control was shown to cor- 
relate with impaired PMNL phagocytic function. 
Thus, the HbA lc percentage was determined for the 
diabetic subjects in the present study and its corre- 
lation with OP activity determined. The mean per- 
centage HbA lc was 8.9% and the values ranged from 
6.6 to 12.2%. A modest inverse relationship between 
OP activity and the percentage HbA lc was found 
that was not statistically significant (results not 
shown). The correlation between better long-term 
glycemic control and improved OP activity was con- 
served under differing glucose and GBS III CPS- 
specific IgG concentrations. 

Correlation of GBS-stimulated superoxide produc- 
tion with OP activity against GBS. Experiments 
next questioned whether O2 production correlated 
quantitatively with OP activity. The ratio of O2 pro- 
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FIG. 3. Effect of endogenous serum concentration (/ig/ml) of 
GBS III CPS-specific IgG on live GBS-stimulated superoxide pro- 
duction (A) and OP activity (B). 

duction after 60 min of stimulation with GBS III for 
PMNL in the low (0.05 /tg/ml) concentration of GBS 
III CPS-specific IgG to that for PMNL in the pres- 
ence of the high {13 /xg/ml) concentration of GBS III 
CPS-specific IgG was similar to the ratio of OP ac- 
tivity after 60 min for PMNL from the seven n on di- 
abetic subjects tested under the same conditions 
(Fig. 3). These results suggested that GBS-stimu- 
lated chemiluminescence was a CPS-specific IgG- 
dependent phenomenon. Thus, O2 production and 
OP activity maintain quantitative relationships 
based upon the amount of antibody in the reaction. 



Superoxide production of hyperglycemic-stressed 
diabetic PMNL. Next, experiments were designed 
to determine whether the mechanism of diminished 
OP related to decreased OJ production. OJ produc- 
tion by diabetic PMNL from several of the donors for 
the experiments above diminished with increasing 
glycemic and osmotic stress (equilibration in 60 and 
120 mM glucose, or 60 mM choline chloride, respec- 
tively) compared to diabetic subject PMNL equili- 
brated with 5.5 mM glucose (Fig. 4). When the area 
under the curve for each reaction condition using 
one-way analysis of variance (Dunnett's multiple 
comparison test) was compared, the means were 
significantly different (P = 0.0024). Specifically, 
compared to PMNL equilibrated in 5.5 mM glucose, 
the area under the curve was significantly less for 
PMNL equilibrated in 120 mM glucose (P < 0.05), 
or choline chloride (P < 0.01). The finding of a 
greater effect of choline chloride on PMNL functions 
compared to sugars such as sucrose has been re- 
ported by others (28). In our experiments there was 
no disparity in survival for PMNL equilibrated in 
choline chloride or glucose to explain these results. 
Using serum with 0.1 /xg/ml of GBS III CPS-specific 
IgG, O2 production was attenuated by increased 
glycemic stress in a manner that correlated well 
with reduced OP activity. Thus, hyperglycemia-in- 
duced reduction in OP activity is associated with a 
similar stepwise reduction in O2 production (see 
Figs. 1 and 4). 

Inhibition of aldose reductase in hyperglycemic- 
stressed PMNL. Finally, since diversion of NADPH 
to the polyol pathway was a potential mechanism for 




0 10 20 30 40 50 60 70 60 90 100 110 120 
Incubation Time (Min) 

FIG. 4. Effect of osmotic stress on lucigenin-enhanced chemi- 
luminescence of diabetic subject PMNL stimulated with live GBS. 
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FIG. 5. Effect of aldose reductase inhibition on OP of GBS III 
by PMNL from diabetic subjects. PMNL were equilibrated with 
120 mM glucose with or without alrestatin for 90 min at 4°C and 
OP activity at 37°C was determined at the timed intervals shown. 



reduced production, experiments were designed 
to block the polyol pathway. We hypothesized that 
this should increase 0 2 ~ production and, thus, OP 
activity. No substantial differences in effect upon O2 
production were noted when several aldose reduc- 
tase inhibitors were compared in preliminary exper- 
iments (data not shown). Alrestatin at the 11 /iM 
concentration reported to be physiologically achiev- 
able (26) effected a 27% increase in 0 2 " production 
over baseline and was chosen as a representative 
aldose reductase inhibitor for subsequent OP exper- 
iments. A time-dependent improvement in OP activ- 
ity was observed for diabetic PMNL which had 
equilibrated in 120 mM glucose and alrestatin, and 
this was significant (P = 0.03) when OP was as- 
sessed after both 30 and 60 min incubation (Fig. 5). 
The increase in OP activity with alrestatin inhibi- 
tion demonstrates that blocking the polyol pathway 
leads to increased OJ production and contributes 
significantly to improved killing of GBS III by 
PMNL from diabetic subjects during hyperglycemic 
stress. 

DISCUSSION 

The extent to which a metabolic impairment in 
PMNL function may contribute to impaired immu- 
nity in diabetes mellitus is a complex issue 
(27,29,30). The contributions of organism-specific 
virulence factors, diabetic serum factors, and func- 
tion of the antibody molecule in diabetes all are 
potential variables in the host-pathogen interaction 
^(31,32). GBS is an important pathogen in diabetes 



but the pathogenesis of infection is largely unstud- 
ied. We found that in the absence of acute hypergly- 
cemia, PMNL from diabetic subjects receiving oral 
hypoglycemic agents functioned as well as those 
from nondiabetic subjects in PMNL-mediated kill- 
ing of type III GBS. This finding could reflect correc- 
tion of some deficiencies in function by the patients' 
treatment for hyperglycemia. Improved PMNL 
phagocytic function for diabetic subjects during pe- 
riods of good glycemic control has been demon- 
strated by MacRury and colleagues (27). Alexiewicz 
et al. (33) found that when patients with newly di- 
agnosed type 2 diabetes were treated with gly- 
buride, the average percentage HbA lc fell from 15.8 
to 8.4% within 3 months, and deficient PMNL-me- 
diated phagocytosis of oil red O-containing E. coli 
lipopolysaccharide-coated oil droplets improved to 
values approaching those measured for control 
PMNL (33). 

In contrast, PMNL-mediated OP of type III GBS 
was impaired under in vitro conditions simulating 
an episode of acute severe hyperglycemia. The re- 
duction in OP was inducible for PMNL from both 
diabetic subjects and nondiabetic controls and it cor- 
related with attenuation of OJ formation in hyper- 
glycemia-stressed PMNL. Other investigators also 
have identified PMNL-associated microbial defects 
in association with lower glucose concentrations, but 
these may be organism-specific. For example, mea- 
surable deficiencies in C. albicans killing by PMNL 
from healthy adults have been observed at a glucose 
concentration as low as 10 mM with killing abol- 
ished at 50 mM (16,25). 

The mechanism underlying the reduction in 
PMNL-mediated bactericidal activity for GBS III, 
suggested by experiments with choline chloride, in- 
volves a compensatory metabolic pathway that 
maintains osmotic neutrality. Demerdash et al. (28) 
have shown that choline chloride generates an os- 
motic effect similar to that produced by a higher 
concentration of glucose and causes a similar effect 
quantitatively on intracellular calcium concentra- 
tion. In the osmolar stress of hyperglycemia, there 
are demands upon stores of NADPH, a resource 
required for initiation of the respiratory burst. The 
intracellular conversion of glucose to sorbitol, which 
helps to maintain cell volume, requires the NADPH- 
dependent enzyme, aldose reductase, and is effected 
through the polyol pathway. Increased demand for 
NADPH shunts available NADPH away from 
NADPH oxidase, an enzyme involved in O2 produc- 
tion. Accordingly, hyperglycemia-stressed PMNL 
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have reduced OJ production and are sorbitol-rich 
(31). This inducible reduction in 0 2 ~ production is 
well-conserved, occurring whether stimulation is in- 
duced by a chemotactic peptide, calcium ionophore, 
phorbol ester, or by the Fc portion of IgG (34). Our 
experiments with choline chloride also revealed an 
inducible reduction in 0 2 production. Although the 
compensatory metabolic pathways that maintain os- 
motic neutrality may differ (20), the results of the 
choline chloride experiments suggest that hyperos- 
molarity per se causes the reduction in PMNL-me- 
diated bactericidal activity. 

The NADPH depletion mechanism has been pro- 
posed by others who found that when diabetic sub- 
jects were treated with the aldose reductase inhibi- 
tor, tolrestat, for 4 weeks phorbol myristate acetate- 
stimulated PMNL respiratory burst activity 
improved (35). Similarly, better killing of E. coli by 
PMNL from diabetic subjects was noted with ponal- 
restat after 12 weeks of treatment (17). Our in vitro 
experiments suggest that aldose reductase inhibi- 
tion reverses the severe hyperglycemia-induced at- 
tenuation of GBS-stimulated superoxide production. 

Another explanation for hyperglycemic PMNL 
dysfunction involves accumulation of cytoplasmic 
calcium that occurs during osmotic equilibration 
(28). High PMNL cytoplasmic calcium concentration 
may impair phagocytosis, cause decreased calcium- 
dependent intracellular signaling in response to 
stimuli, and may inhibit intracellular ATP produc- 
tion and prevent calcium export (33,36,37). Normal- 
ization of cytoplasmic calcium does not fully correct 
defects in phagocytosis under conditions of experi- 
mental infection (38). These findings suggest that 
more than one factor may contribute to reduced 
killing of GBS. Other aspects of immune dysfunc- 
tion, such as poor wound healing and inadequate 
clearance of GBS bacteremia by the reticuloendothe- 
lial system (39), also may increase susceptibility to 
GBS disease in diabetes. 

Even after equilibration in high concentrations of 
glucose, OP activity of diabetic PMNL remains effi- 
cient when the concentration of GBS CPS-specific 
IgG is at or above the concentration proposed to 
correlate with protection from invasive infection 
(C. J. Baker et aL, manuscript submitted for publi- 
cation). This occurs because the magnitude of GBS 
III killing is greater than that of the hyperglycemia- 
induced reduction in OP activity. For this reason, 
immunization of diabetic adults against GBS using 
a polyvalent GBS capsule conjugate vaccine may 
preserve efficient OP against GBS, regardless of the 



degree of sudden glycemic shifts. Nonetheless, 
though we have shown hyperglycemia to reduce 
PMNL-mediated phagocytosis and killing of GBS, 
and reduced superoxide production may be interme- 
diary, the extreme serum glucose concentrations re- 
quired to alter PMNL killing would argue against a 
major role of acute hyperglycemia shifts in the 
pathogenesis of invasive infection in diabetes by 
GBS in particular. 
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